Arginine-rich domains are used by a variety of RNA-binding proteins to recognize specific RNA hairpins. It has been shown previously that a 17-aa arginine-rich peptide from the human immunodeficiency virus Rev protein binds specifically to its RNA site when the peptide is in an a-helical conformation. Here (2) , and in the third primarily to the phosphate backbone (3). Important contacts also are made to anticodon loop nucleotides (1, 2). The cocrystal structure of an R17 phage coat protein-RNA complex shows important contacts to bulge and loop nucleotides of an RNA hairpin (4). These studies provide detailed views of RNA-protein interactions and include rather different types of protein structures. In other RNA-binding proteins, conserved sequence motifs are found that suggest similar structures (5, 6). One motif, the arginine-rich motif, consists of a short region of basic amino acids (-8-20 residues in length) particularly rich in arginine. This motif is found in bacterial antiterminators, ribosomal proteins, coat proteins from RNA viruses, the human immunodeficiency virus (HIV) Tat and Rev proteins (7), and the bovine immunodeficiency virus (BIV) Tat protein (8).
While a wealth of structural information is available about DNA-protein recognition, much less is known about RNA- protein recognition. Cocrystal structures of three aminoacyltRNA synthetase-tRNA complexes have been solved, in one case showing specific contacts primarily to the RNA minor groove (1) , in another primarily to the major groove (2) , and in the third primarily to the phosphate backbone (3) . Important contacts also are made to anticodon loop nucleotides (1, 2) . The cocrystal structure of an R17 phage coat protein-RNA complex shows important contacts to bulge and loop nucleotides of an RNA hairpin (4) . These studies provide detailed views of RNA-protein interactions and include rather different types of protein structures. In other RNA-binding proteins, conserved sequence motifs are found that suggest similar structures (5, 6) . One motif, the arginine-rich motif, consists of a short region of basic amino acids (-8-20 residues in length) particularly rich in arginine. This motif is found in bacterial antiterminators, ribosomal proteins, coat proteins from RNA viruses, the human immunodeficiency virus (HIV) Tat and Rev proteins (7) , and the bovine immunodeficiency virus (BIV) Tat protein (8) .
Studies with model peptides from HIV Rev, HIV Tat, and BIV Tat have shown that isolated arginine-rich domains can bind RNA with high affinity and recognize features of the RNA similar to the intact proteins (8) (9) (10) (11) (12) (13) . In HIV Rev, a 17-aa peptide binds specifically to RRE RNA when the peptide is in an a-helical conformation and requires six amino acids (four arginines, one threonine, and one asparagine) for binding (9) .
NMR studies indicate that Rev peptide binding stabilizes the structure of an internal RNA loop, forming G-G and G-A base pairs and two looped-out bases (14, 15) . In HIV Tat, a single arginine residue in the arginine-rich domain is largely responsible for recognition of a bulge region in TAR RNA (12) , and arginine, even as the free amino acid, binds to TAR in the same
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. manner as in the Tat peptide (16) , suggesting that a defined peptide conformation may not be needed for recognition. An NMR model of the TAR-arginine complex suggests that the arginine guanidinium group hydrogen bonds to a guanine base in the major groove and to two phosphates and that the complex is stabilized by a base triple interaction between a U in the bulge and an AU base pair above the bulge (17) . Recent NMR studies of the equine infectious anemia virus (EIAV) Tat protein (18) and of a peptide containing the HIV Tat arginine-rich domain fused to the core regulatory domain of EIAV Tat (19) have suggested that these arginine-rich domains have a tendency to form a-helices, but it is not known whether they are helical when bound to RNA.
To better define the structural repertoire of the argininerich RNA-binding motif, we have examined the RNA-binding and conformational characteristics of several additional pep- tides. The N proteins from bacteriophages A, 421, and P22 are transcriptional antiterminators that bind to N-utilization (nut) sites on nascent viral transcripts and modify the transcribing RNA polymerase complex to a termination-resistant form (20) . A small RNA hairpin within each nut site, called boxB, is unique to each phage and interacts with an amino-terminal arginine-rich domain of its cognate N protein (7). Here we show that, as for Rev, arginine-rich peptides derived from A and P22 N proteins specifically bind their cognate RNAs as a-helices. Peptides derived from viral coat proteins and splicing factors have related sequences and also adopt relatively stable a-helical conformations, although their specific RNAbinding sites are not known. In contrast, we show that the arginine-rich domain of HIV Tat need not be in a helical conformation to specifically bind TAR RNA in vitro or in vivo. An RNA-binding peptide from BIV Tat also binds RNA in a nonhelical conformation (21) , suggesting that while argininerich a-helices may be relatively common, the arginine-rich motif is structurally versatile.
MATERIALS AND METHODS
Peptides and RNAs. Peptides were synthesized on an Applied Biosystems model 432A peptide synthesizer and were purified and characterized as described (8, 21) . Peptide concentrations were determined by tryptophan or tyrosine absorbance or by peptide-bond absorbance with known peptides as standards. RNAs were transcribed in vitro by T7 RNA polymerase using synthetic oligonucleotide templates (22) (23) . Samples were prepared in 10 mM potassium phosphate, pH 7.5/100 mM KF, and temperature was maintained at 4°C. Peptide concentrations typically were 5 ,uM, and RNA or RNA-peptide concentrations were 2 ,uM.
Plasmids and Chloramphenicol Acetyltransferase (CAT) Assays. Mutant tat genes were constructed in the pSV2tat72 expression vector (11) by oligonucleotide cassette mutagenesis or by incorporating mutations on PCR primers. Tat-expressing plasmids (50 ng) and HIV long terminal repeat (LTR)-CAT reporter plasmids (25 ng) were cotransfected into HeLa cells and CAT activity was assayed after 48 hr (11) .
RESULTS
Helical Propensities of Arginine-Rich Peptides. A previous study identified six amino acids in the a-helical Rev peptide (TRQARRNRRRRWRERQR) as essential for specific binding to RRE RNA (9) . To determine whether other proteins might use a similar motif for RNA recognition, we probed the sequence data base (Protein Identification Resource, June 1993 and September 1994) with segments of the Rev domain and found several RNA-binding proteins with similarities to residues 34-40 (TRQARRN; Table 1 ). These included bacteriophage antiterminators (the N proteins), coat proteins from RNA viruses, splicing factors, and ribosomal proteins, some of which were identified in the initial description of the arginine-rich class of RNA-binding proteins (7) . To test whether any of the domains identified adopted a helical conformation, we synthesized several corresponding peptides, ranging in length from 12 to 22 aa, and measured their A lo 8 1M M512 7 13 helicities by CD spectroscopy (Table 1) . Peptide termini were blocked with amino-terminal succinyl and carboxyl-terminal amide groups to help stabilize possible helical conformations by providing favorable electrostatic interactions with the helix macrodipole (9) . All peptides tested showed significant a-helical character at 4°C, ranging from 13% to 35% in aqueous buffer.
Specific RNA Binding by N Peptides. Because RNA-binding sites for the bacteriophage N proteins are known (Fig. 1) , we asked whether the isolated arginine-rich peptides were sufficient to bind specifically to their cognate boxB RNAs. Gel shift experiments were performed with A and P22 N peptides, having 35% and 15% helical contents, respectively, and with a set of wild-type and mutant A and P22 boxB RNAs. The A peptide bound tightly to its wild-type hairpin but weakly to RNAs with substitutions in the loop or closing base pair or to (24) , and splicing factors PRP6 (25) and U2AF 65-kDa subunit (26) . Numbers in parentheses refer to amino acid positions within the proteins. Peptides were synthesized and helical contents were calculated from CD ellipticity at 222 nm (9, 27 A boxB (G8 --A) >2560 Numbering of the boxB hairpins is shown in Fig. 1 . Apparent Kd values were estimated as described in Fig. 2B . wt, Wild type. the P22 hairpin ( Table 2 ). The A peptide bound with intermediate affinity to a P22 boxB variant in which nucleotides C1 and A12 were changed to A1 and G12, resembling the A loop. The P22 peptide bound well to its own hairpin, with reduced affinity to mutants with changes in the first G or last A of the loop, and with increased affinity to other loop or closing base-pair mutants. The determinants of P22 binding appear to be less stringent than for A, and consequently the P22 peptide also bound well to A boxB, which has the appropriate loop nucleotides, but not to'a A boxB loop mutant with a change in the first G. Thus, the isolated A and P22 arginine-rich N peptides bind with high affinity and specificity to their cognate hairpins and appear to recognize determinants located in or adjacent to the loops, consistent with the known nucleotide requirements for N function in vivo (7, 28) , with footprinting results of 'antitermination complexes in vitro (29) , and with preliminary RNA-binding studies of the A protein (30) Fig. 2A) . Specific RNA-binding affinities for each peptide correlated with helix content: the wild-type and alanine mutant peptides bound with high affinity to their cognate RNA hairpins, whereas the proline mutants bound poorly (Fig. 2B) . A P22 peptide containing alanine extensions at both termini had-a helix content -2-fold higher than the same peptide without alanines ( Fig. 2A) did not examine the peptide conformation when bound to RNA. To directly assess whether a helical conformation is required for TAR recognition, we designed helical and nonhelical variants of the HIV Tat arginine-rich domain and examined their RNA-binding properties in vitro and in vivo. Four alanines were added to each end of a Tat peptide spanning residues 49-57 (Tat49-57; sequence, RKKRRQR-RR). The CD spectrum of succinyl-AAAA(Tat49-57)AAAAamide indicated -29% helix formation at 4°C (Fig. 3A) , consistent with the helical tendency observed by NMR (19) .
The spectrum of a Gln54 --Pro mutant (Gln54 is not needed for TAR binding; refs. 11 and 31) indicated little or no helix formation (Fig. 3A) . Both helical and nonhelical Tat peptides bound TAR specifically. The nonhelical peptide bound wildtype TAR with slightly higher affinity than the helical peptide in the presence of competitor tRNA (apparent Kd values '80 nM and 320 nM, respectively; Fig. 3B ) and in the absence of competitor (apparent Kd values -5 nM and 15 nM; data not shown). Nonspecific affinities, measured with a U23 --C bulge mutant (10, 11), were similar for both peptides (apparent Kd > 5120 nM in the presence of competitor; Fig. 3B ).
To assess whether the helical and nonhelical peptides adopt similar structures when bound to TAR and to determine whether RNA conformational changes occur upon binding, as previously observed by CD and NMR (11, 17, 32) , we recorded CD spectra of TAR and peptide-TAR complexes and calculated difference spectra (Fig. 4) . Both helical and nonhelical peptides induced similar changes in the CD spectra between 260 and 280 nm, indicative of changes in base stacking, and in the far UV region, indicative of a-helix content. The conformation of the bound peptide cannot be assigned definitively since the RNA contributes to the far-UV spectrum. Nevertheless, the CD data suggest that even though the unbound peptide conformations are different, the two peptide-RNA complexes are similar.
In Vivo Activities of Tat Proline Mutants. To test whether the arginine-rich domain of Tat requires an a-helical conformation for TAR binding in vivo, we constructed several mutants expected to have different helical propensities and measured their activities by using Tat expression vectors and an HIV LTR-CAT reporter. Replacement of Gln54, which is near the center of the arginine-rich domain, with proline or alanine gave high levels of activity similar to wild-type Tat (Fig.  5) . To test the effect of a proline substitution at a different position, we used a fully active Tat variant (R52) in which the arginine-rich domain was replaced by a single arginine embedded within an all-lysine context (KKKRKKKKK). Tat R52 is able to accommodate substitutions at other positions because it contains one additional charged residue (31) , and replacing Lys53 with proline or alanine in the R52 context had no effect on activity (Fig. 5) . A truncation mutant terminating at residue 58 is less active than full-length Tat (33, 34) , perhaps because the arginine-rich domain forms an unstable helix due to its location at the carboxyl terminus of the protein. We attempted to increase helicity of the domain by adding four alanines to its carboxyl terminus but observed no effect on activity (Fig. 5 ). Replacing Gln54 with proline or alanine in the truncated context also had no effect on activity. Thus, the arginine-rich domain of Tat can readily accommodate proline substitutions, suggesting that a helical conformation is unlikely to be required for TAR binding in vivo. Tat-expressing plasmids were cotransfected into HeLa cells with an HIV LTR-CAT reporter plasmid and CAT activities were quantitated as described (11) . Fold activation was calculated as the level of CAT activity relative to that of the reporter alone.
DISCUSSION
The arginine-rich RNA-binding motif, found in a diverse set of RNA-binding proteins (7) , is characterized by a preponderance of arginine residues but little additional sequence similarity. In this study we identified a subclass of proteins that share slightly greater similarity and demonstrated that several arginine-rich peptides from this subclass adopt a-helical conformations. Peptides from the A and P22 N proteins require helical conformations for specific RNA binding, consistent with extensive mutagenesis studies of the A domain (35) and as shown for the HIV Rev-RRE interaction (9) . Arginine-rich domains of brome mosaic virus (BMV) and cowpea chlorotic mottle virus (CCMV) coat proteins are necessary for specific binding and encapsidation of genomic RNAs (24, 36) , and both adopt helical conformations. Although specific RNA-binding sites for the coat proteins have not been identified, NMR studies with a CCMV peptide indicate that its helical structure is stabilized in the presence of oligophosphates (37), similar to the increased stability of the Rev a-helix upon RNA binding (23) .
While this study has defined a helical arginine-rich subclass, domains from other proteins may not use helical conformations to bind RNA. We have shown that introducing proline mutations into the HIV Tat domain eliminates helix formation without affecting in vitro RNA binding or in vivo function, whereas the domains of BIV Tat, human T-cell lymphotropic virus type I Rex, and other related RNA-binding proteins found in the data base contain multiple glycine and proline residues expected to destabilize a helix. The conformations of these domains are not known, but preliminary studies with the BIV Tat peptide suggest that it may adopt a (3-hairpin conformation (ref. 21 ; J. Puglisi, L. Chen, and A.D.F., unpublished work). Thus, the structures of arginine-rich RNA-binding domains appear to be diverse.
The structures of the RNA-binding sites for arginine-rich domains also appear to be diverse. The a-helical domain of Rev recognizes an internal loop within the RRE, whereas the a-helical domains of the A and P22 N proteins recognize terminal loops of nut-site boxB hairpins. The internal loop of the RRE site contains G-G and GA base pairs, and it is interesting that the first G and last A of the boxB RNA loops are essential for binding. It is not known whether these boxB nucleotides also form GA base pairs, but the first G and last A of GNRA tetraloops are known to form GA pairs (38) . The G-G and G-A pairs in the RRE are important because they widen the RNA major groove near the loop enough to accommodate an a-helix (14, 15, 39) . Without a loop or bulge, the major groove of an A-form RNA helix is deep and narrow and generally inaccessible to a protein (10, 40) . In HIV and BIV TAR RNAs, the major grooves are widened by 3-nt and 1-nt bulges, respectively (8, 10 
